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10 Introduction 
11 
12 In  refurbishments, improvements to the façade are arguably one of the most effective strategies 
13 
14 to reduce energy consumption and mitigate CO2 emissions of a building (IEA 2014). This is 
15 particularly  relevant  for the UK where buildings  account  for over 40% of national  energy 
16 consumption and CO2 emissions (DCLG 2012b). Within the UK non-domestic sector, 75% of buildings 
17 were built before 1985 (Carbon-Trust 2009) with 60-90% of them predicted still to be standing in 
18 
19 2050 (IEA 2014). Further, only 1-2% of the building stock is newly built each (CIBSE and BSRIA 2007). 
20 Existing buildings offer therefore the greatest opportunity for decreasing CO2  emissions and energy 
21 consumption (Thomas 2010). Within the non-domestic sector, offices alone consume around 40% of 
22 energy (Pérez-Lombard et al. 2008). Nevertheless, existing office buildings remain largely untouched, 
23 
24 
and many refurbishments fail to deliver low-carbon buildings (CIBSE 2013b) despite innovations in 
25 non-domestic buildings could save 86MtCO2 by 2050 (LCICG 2012). Reducing energy demand 
26 through retrofitting the existing building stock is therefore a priority (Stevenson 2013), and one of 
27 the major challenges  for the future is “to promote  the sustainable  refurbishment  of that 
28 
29 
consolidated [building] stock” (Ferreira et al. 2013 p. 1454).” 
30 
31 In  this   respect,   glazed   DSFs   are   among   the   best   façade   technologies   to  reduce   energy 
32 consumption and GHG-emissions from the demand-side, while helping manage efficient interactions 
33 between  outdoor  and  indoor  conditions  (Shameri  et  al.  2011).  A  DSF  consists  of  a  glazed  skin 
34 installed  in front  of the  actual  façade  from  which  it is separated  by an air cavity  that  acts  as a 
35 
36 
ventilation  shaft. In moderate  climates,  DSFs seem capable  of significant  (30%-60%)  reductions  in 
37 operational  energy  (e.g. Brunoro  2008; Cetiner  and Ozkan  2005; Gratia and De Herde 2007), and 
38 their behavior in the operational  phase has been widely studied and is fairly well-documented.  To 
39 the contrary,  very little knowledge  exists about  DSFs’ embodied
1   
figures  and the overall  life-cycle 
40 
41 
environmental impacts. 
42 
43 In life-cycle  assessments  (LCAs)  of buildings  and  construction  products,  the  use  of the  global 
44 warming indicator (GWI), as a single-issue method represents common practice in the Architecture 
45 Engineering   and  Construction   (AEC)  industry.   Nonetheless,   being  reductionist   by  nature,   this 
46 approach neglects other environmental  impact categories (Dahlstrøm et al. 2012) which may result 
47 
48 
in oversimplification  (Asdrubali et al. 2015) and lead to erroneous judgments about environmental 
49 consequences (Turconi et al. 2013). 
50 
51 This article assesses  the life-cycle  environmental  impacts  of DSFs in refurbishments,  through  a 
52 cradle-to-grave  LCA with a twofold aim. Firstly, it utilizes GWI to establish if DSFs can be considered 
53 as a low-carbon  technology,  thus their use in refurbishment  could/should  be further encouraged. 
54 
55 Secondly,  it aims to investigate  whether  relevant differences  arise when GWI results are analyzed 
56 against  impact  results  from  a  more  comprehensive  assessment  method,  i.e.  ReCiPe,  to  critically 
57 
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2 
3 determine  if and  where  GWI  may  fail  to  represent  non-GHG  environmental  impacts  that  would 
4 inform conclusions from and outcomes of the LCA. 
5 
6 Specifically, this article aims to answer the following research questions: 
7 
8 1.    In a cradle-to-grave  LCA, are DSF refurbishments  preferable  to single-skin  solutions from a 
9 
10 
GHG impacts perspective? 
11 2.    When GHG impacts are evaluated along with non-GHG impacts, 
12 a.    Is GWI a reliable enough and representative indicator? and, 
13 b.    Which new insights, if any, will arise when the focus switches from a merely global- 
14 
15 
warming-based assessment to a more comprehensive assessment method? 
16 
17 The article starts with a critical literature review of LCA in the AEC industry and continues on to 
18 DSFs as a technology with potential application to façade refurbishment, highlighting the need for a 
19 fresh  outlook  into this demand-side  technology  from  a more  holistic,  environmental  perspective. 
20 Next,  the  design  and  methodology  used  for  this  research  are  elaborated  on.  Elucidating  on  the 
21 
22 
functional  unit  (FU),  system  boundaries  and  deployed  options,  data  collection,  and  operational 
23 energy modeling is the next step in setting up the design for this research. Results follow which are 
24 then interrogated  through discussion  of findings.  A summary  of the main findings, limitations  and 
25 recommendations  for further research conclude the article. 
26 
27 
28 
29 
Literature Review 
30 
31 LCA in the AEC Industry 
32 
33 
Sustainability  assessment  of buildings  throughout  their  life-cycle  is currently  not regulated  by 
34 policy in Europe (Moncaster and Song 2012). LCA scenarios are inconsistent and varying with regard 
35 to settings, approaches  and findings, and there are major impediments  in the way of consolidation 
36 and  comparison  of  results.  Different  lifetime  figures,  lack  of  parametric  approaches  addressing 
37 
multiple  scenarios,  little  clarity  in  the  FU  considered,  diverse  methodologies   and  methods  for 
39 conducting the studies, and the focus mainly on real buildings - which makes any generalization hard 
40 to make  - are the most important  reasons  (Cabeza  et al. 2014). Such diversity  is justified  by and 
41 originates from the inherent complexity of the construction sector where each of the materials used 
42 
has its own specific  life-cycle  and all interact  dynamically  in both temporal  and spatial  variations 
43 
44 (Collinge et al. 2013; Dixit et al. 2012; Erlandsson and Borg 2003). Additionally,  the long lifespan of 
45 buildings combined with change of use during their service life imply lower predictability and higher 
46 uncertainty of variables, parameters, and future scenarios (Buyle et al. 2013; Dixit et al. 2012). Such 
47 
difficulties eventually lead to taking a ‘reductionist’  approach in many recent LCAs, where the term 
48 
49 ‘simplified’  often  recurs  openly  representing  such  a nature  (Bala  et al. 2010;  De Benedetti  et al. 
50 2010; Malmqvist et al. 2011; Wadel et al. 2013; Zabalza Bribián et al. 2009). 
51 
52 Some  scholars  have  studied  the  relevance  of  simplifications   in  LCAs  of  buildings  and  their 
53 components, concluding that a simplified approach does not lead to different results from those of a 
54 
detailed  assessment,  although  it cannot  be stated that more comprehensive  assessments  are not 
55 
56 necessary in any circumstance (Kellenberger and Althaus 2009). In such a complex scenario, existing 
57 LCA ISO standards fail to provide a sound methodology to execute the assessment (Dixit et al. 2012; 
59 
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3 Zamagni  et al. 2008)  and lack mathematical  modeling  for performing  calculations  (Heijungs  et al. 
4 2009). To address  and facilitate  some of these issues, the European  Technical  Committee  CEN/TC 
5 
350 has developed  standards  that look at the sustainability  of construction  works with the aim of 
6 
7 quantifying,  calculating  and  assessing  the  life-cycle  performances  of  buildings  (BSI  2010).  Those 
8 standards have recently been used to develop tools to evaluate the embodied carbon and energy of 
9 buildings  (Moncaster  and  Symons  2013).  These  tools  echo  the  focus  on  GWI  as  the  assessment 
10 
method  when  analyzing  impacts  of buildings  and  their  components  from  a life-cycle  perspective 
11 
12 (Ardente  et al. 2011; Hammond  and Jones  2008; Ip and Miller  2012; Monahan  and Powell  2011; 
13 Pauliuk et al. 2013; Radhi and Sharples 2013). 
14 
15 The emphasis on carbon and energy and the use of GWI as a method to assess GHG emissions 
16 have been described  as a crude approach  but also beneficial  to ease understanding  and enhance 
17 
transparency (Weidema et al. 2008). This is both understandable and well-received, considering that 
18 
19 far  too  many  studies  still  focus  solely  on  operational  energy,  despite  embodied  energy  often 
20 accounting for more than half of the life-cycle energy (Crawford 2011), with peaks of up to 70% in 
21 the   UK   (Ibn-Mohammed    et   al.   2013).   Nevertheless,    GWI   fails   to   account   for   important 
22 
environmental  impacts (Asdrubali  et al. 2015) such as eco- and human-toxicity,  or water and land 
23 
24 use, and may lead to erroneous judgments about environmental consequences (Turconi et al. 2013). 
25 These limitations  have been highlighted  in literature  chiefly in industries  other than construction, 
26 with biofuels as the most cited field (Guinée et al. 2011; Weidema et al. 2008). 
27 
28 In the specific case of buildings,  they are large, complex,  unique, and involve a broad range of 
29 
materials  and  components  which,  in turn,  hold  various  environmental  impacts  that  are  not  only 
30 
31 difficult  to  track  but  also  challenging  to  assess  and  interpret  (Dixit  et  al.  2012).  Therefore,  in 
32 accepting the LCA role of facilitator to help identify the least damaging alternative, the adoption of 
33 more comprehensive  impact  assessment  methods  combined  with GWI is arguably  a sensible  way 
34 
forward.   With   such   a   broader   scope   in   mind,   Scheuer   et   al.   (2003)   assess   the   life-cycle 
35 
36 environmental   performance   of  a  new  higher  education   building   by  means  of  several  impact 
37 categories,   namely   GWI,   ozone   depletion   potential   (ODP),   acidification   potential   (AP),   and 
38 nutrification  potential  (NP).  Their  findings  suggest  consistency  throughout  all  the  categories  and 
39 
identify  the  operational  phase  of the  building  as the  one  that  accounts  for  the  most  significant 
40 
41 impact. They, therefore,  conclude  that the “optimization  of operations  phase performance  should 
42 still  be  the  primary  emphasis  for  design,  until  it  is  evident  that  there  is  a  significant  shift  in 
43 distribution  of life-cycle burdens” (Scheuer et al. 2003 p. 1061). Yet, due to increased efficiency in 
44 
insulating  materials,  and advancements  in disciplines  such as passive design, the balance between 
45 
46 operational and embodied figures is significantly changing. In this respect, recent research suggests 
47 a major role of façade elements, which constitute “a substantial volume of the total consumption of 
48 materials  used  in  a  building  and  the  need  for  maintenance  of  the  façade  makes  it  especially 
49 
interesting from a life-cycle perspective” (Tellnes et al. 2014, p. 139). 
50 
51 
Baldinelli  et  al.  (2014)  who  assess  the  environmental  performance  of  a  wooden  window  by 
52 
53 means  of different  impact  categories  (GWI, ODP, AP, eutrophication  potential  and photochemical 
54 oxidation) also suggest consistent results throughout the different categories used. In a comparative 
55 study  about  insulating  materials,  Nicolae  and George-Vlad  (2015)  adopt  primary  energy  demand, 
56 
GWI, AP, eutrification potential (EP), and photochemical  ozone creation potential (POCP) as impact 
57 
58 categories. Their results again show a fair consistency across all impact categories used, except POCP 
59 
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2 
3 which  is  particularly  influenced  by  the  specific  chemical  composition  of  the  insulation  material 
4 considered.  Given  the  major  role  the  construction  sector  plays  towards  the  depletion  of  finite 
5 
natural  resources  (Dixit  et  al.  2010),  in  addition  to  those  impact  categories  identified  in  the 
6 
7 literatures  reviewed  here,  it  seems  particularly  sensible  to  include  impact  categories  aimed  at 
8 assessing, where possible, resources depletion. 
9 
10 LCA of DSFs 
11 
12 Only two studies (de Gracia et al. 2013; Wadel et al. 2013) exist where DSFs have been examined 
13 in detail from a life-cycle  perspective,  despite DSF is a technology  widely used in the AEC industry 
14 with  a strong  belief  that  it delivers  “green”  buildings,  and  is thus  able  to reduce  environmental 
15 
impacts. Furthermore,  both studies refer to specific façade typologies,  located in well-defined  and 
16 
17 particular contexts, which are innovative products that do not represent the current practice in the 
18 AEC industry. 
19 
20 Concerns highlighted at the AEC level about LCAs seem to find evidence about the specific case of 
21 the  DSFs  as well.  In fact,  Wadel  et al. (2013)  adopt  a simplified  LCA  for  an innovative  DSF  with 
22 
vertical shading devices placed at specific intervals and made out of recycled materials, as much as 
23 
24 possible. The use phase is not incorporated  in the LCA and impacts assessed throughout  the study 
25 are embodied energy and CO2  emissions, the FU being 1 m² of the façade with a lifespan of 50 years. 
26 Embodied energy and carbon values for the best configuration of the DSF are 2273.08 MJ/m² and 
27 
28 
178.64 kgCO2e/m² respectively. From a comparative point of view, their results show that the DSF, in 
29 its  best  configuration,   is  capable   of  50%  less  energy   consumption   and  CO2    emissions   than 
30 conventional façades (Wadel et al. 2013). 
31 
32 de Gracia et al. (2013) conduct a cradle-to-grave  LCA of a DSF with phase change materials (PCM) 
33 in  its  cavity.  They  utilize  the  Eco-Indicator  99  (EI99),  an  impact  assessment  method  based  on 
34 
endpoints.  This  means  that  results  from  different  impact  categories  are normalized  and brought 
35 
36 together  to  contribute   to  a  final,  single,  cumulative   score  (known  as  the  ‘endpoint’)   for  the 
37 product/process   under   examination   (PRé-Consultants   2000).   The   FUs  used   are   two   cubicles 
38 constructed in Spain, one with the DSF, the other without, with a lifespan of 50 years. Their results 
39 
also prove a beneficial  effect of adopting  a DSF, for it reduces the environmental  impact  by 7.5% 
40 
41 compared to the reference case (de Gracia et al. 2013). 
42 
43 Notwithstanding  the importance  of regional  and local  foci in LCAs,  more  generic  perspectives 
44 could  allow  for a broader  use of the  methods  and  could  also  ease  comparison  of results  within 
45 different  contexts.  A less context-specific  environmental  impact  assessment  of office  façades  has 
46 
been done by Kolokotroni  et al. (2004). A specific DSF configuration  is just one among many more 
47 
48 options  they assessed  for both naturally-ventilated  and air-conditioned  offices,  and therefore  the 
49 authors had to sacrifice the depth for the breadth of their investigation.  Embodied energy and EI99 
50 have been used as methods  and the DSF has the highest embodied  energy (2120 MJ/m²) but the 
51 
lowest EI99 score for both naturally ventilated and air-conditioned offices. 
52 
53 
Apart from these three studies, DSFs have not been investigated from a life-cycle perspective, nor 
55 have  they been  studied  in a refurbishment  context  in comparison  with  single-skin  solutions.  . In 
56 other    words,    the    life-cycle    environmental    impacts    of   DSFs    are    yet   to   be    established 
57 comprehensively.  As a consequence,  primary  data  related  to DSFs  are still  largely  missing  in the 
58 
59 
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1 
2 
3 literature;  mainly  due to a lack of data for glass processes,  and echoes  a known issue in the LCA 
4 community:  the  scarcity  of reliable  and  complete  data  about  buildings  materials  and  assemblies 
5 
which, if they existed, would allow for greater environmental  benefits (Crawford 2009; Peereboom 
6 
7 et al. 1998; Reap et al. 2008). 
8 
9 
10 Research Methodology  & Design 
11 
12 Methodological Background and Impact Assessment Methods 
13 
14 Two   main   methodological   approaches   are   commonly   accepted   by   the   LCA   community: 
15 attributional  LCA (ALCA) and consequential  LCA (CLCA)2  (Finnveden et al. 2009). Due to the specific 
16 
focus of this research on DSFs as a product, ALCA is the approach chosen since it focuses on physical 
17 
18 flows  to  and  from  a  life-cycle  and  its  components.  It  is  also  recommended  by  current  British 
19 standards to assess GHG emissions of goods and services (BSI 2011) in order to define the inputs and 
20 their associated emissions/impacts  related to the delivery of the product functional unit. 
21 
22 SimaPro  is  the  tool  adopted  for  this  study.  As  anticipated,  two  different  impact  assessment 
23 
methods  have  been  used:  the  GWI  over  a  100-year  horizon  (IPCC  2013)  and  ReCiPe  hierarchic3 
24 
25 perspective  midpoint  v1.10  (Goedkoop  et al. 2013)  which  is a multi-category  method  commonly 
26 used  in LCAs.  Midpoint  modeling  allows  for higher  transparency  and lower  uncertainty,  whereas 
27 endpoint  modeling  shows  things  with more  relevance  but can be less transparent  and harder  to 
28 
compare  (Bare  et  al.  2000;  Blengini  and  Di  Carlo  2010;  Eldh  and  Johansson  2006).  Due  to  the 
29 
30 unavailability  of life-cycle data for DSF, midpoint modeling with an aim at maximizing transparency 
31 was chosen. 
32 
33 System Boundary  and Assessed Options 
34 
35 DSFs are defined  by several  parameters  (Pomponi  et al. 2013),  including  the geometry  of the 
36 cavity  and its width.  The  configuration  chosen  here  is multi-story,  consisting  of a cavity  with  no 
37 horizontal   or   vertical   partitions.   Alternative   configurations,   e.g.   corridor   DSFs,   are   generally 
38 
considered along with the HVAC system and hence less likely to be applicable to refurbishments. The 
39 
40 DSF analyzed in this study deploys an aluminium structure; what is broadly used across Europe and 
41 in the UK, for instance  by ARUP,  for the refurbishment  of their  headquarters  in London  (Gissen, 
42 2005). 
43 
44 Regarding  cavity width, narrow and wide categories  are widely acknowledged  and we consider 
45 
them   both.   Geometry   of  the   building,   data   collected   from   visits   to  five   construction   glass 
46 
47 manufacturing  facilities, interviews with a leading façade engineering and manufacturing  company, 
48 and the construction  specifications  and details, all helped determine  the FU – which is 5.25 m² of 
49 façade (figure 1) – and the choice of additional parameters, leading to the options in table 1. 
50 
51 Figure 1 around here 
52 
53 Table 1 around here 
54 
55 The  bigger  the façade  module  the lesser  costs  and materials,  with several  advantages  for the 
56 
57 
project; however, façade engineers suggested limiting the width to 1.5m due to excessive horizontal 
58 loads for wider façade  modules  with such a structural  system,  whereas  3.5m corresponds  to the 
59 
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2 
3 height of the building story. The choice to evaluate an international  supply for aluminum (with the 
4 sole  focus  on  augmented  transportation  impacts)  resulted  from  the  interviews  with  the  façade 
5 
manufacturing  company,  which  revealed  that  a substantial  part  of their  aluminum  supply  comes 
6 
7 from China. To the contrary, all five glass companies sourced glass from EU countries. 
8 
9 Current   regulations   mandate   that  operations   needed   for  a  single-skin   refurbishment   (e.g. 
10 improvement  of wall insulation) are necessary in a DSF refurbishment  as well. Therefore, common 
11 elements   shared   between   the   two   refurbishments   are  excluded,   and   we   drew   the   system 
12 
boundaries  around  additional  elements,  (sub)assemblies,  processes,  and stages  that a DSF would 
13 
14 bear
4.  In doing  so, this study accounts  for the surplus  of materials  and processes  involved  when 
15 double-skin  façade refurbishment  is compared  to single-façade.  These are represented  in figure 2 
16 which shows the flowchart for the FU and its system boundaries. 
17 
18 Figure 2 around here 
19 
20 Data Collection 
21 
22 In terms of the data collection approach, three methods are found in built environment  studies: 
23 process  analysis,  input-output   analysis,  and  hybrid  analysis  (Crawford   2011).  A  process-based 
24 
25 
analysis refers to a mix of processes, products, and location-specific  data to calculate and establish 
26 the environmental  impact  of a product  system, and in LCAs of buildings  and their components  it 
27 appears  to  be  the  most  reasonable  and  detailed  choice  (Hammond  and  Jones  2008);  it  is  also 
28 suggested   by  the  TC350  standards.   Primary  data  generated   for  this  research,   for  which  the 
29 
permission  to  be  disclosed  was  obtained,  have  been  made  available  in  the  supporting  material 
31 available  online (tables S2 to S8)
5. Due to data quality and reliability issues highlighted  in the LCA 
32 literature  review,  process  mapping  and  data  collection  were  approached  in  a  systematic  way, 
33 starting from the flowchart in figure 2. 
34 
35 Each macro assembly in figure 2 has been broken down into subassemblies  and, eventually, into 
36 
elementary life-cycle processes (ELCPs)
6  
that ‘follow the flows’ which happen in reality. This reduces 
38 risks  of  double-counting  as  it  follows  the  actual  consequence  of  actions,  processes  and  events, 
39 switching  from  vertical  (upstream/downstream)  to  horizontal  (before/after)   approaches.   Single 
40 activities  within  ELCPs  have been screened  against  the Ecoinvent  database  and leading  UK-based 
41 
database  (Hammond  and  Jones  2011),  highlighting  significant  missing  data  mainly  pertaining  to 
43 glass-related  activities, such as cutting, edging, drilling, heat soak testing (HST), washing, etc. To fill 
44 the substantial gap in available data in this area, five glass manufacturing  companies and a leading 
45 façade firm have been contacted for primary data collection by means of interviews, site visits and 
46 
in-depth field study
7  
to monitor processes and collect the data. Those assemblies in the white boxes 
47 
48 in figure 2 are those for which EcoInvent data have been used. EcoInvent data have also been used 
49 for transportation  impacts, and end of life waste/recycling  figures using the available  scenario  for 
50 England  based  on  information  from  the  Department  for  Environment,   Food  and  Rural  Affairs 
51 
(DEFRA)  in the UK.  All other  assemblies  are  the result  of a documented  inventory  and collected 
52 
53 primary data. Close attention has been paid to the end of life of glass, as monolithic and laminated 
54 types require different treatments to be either recycled or disposed of. 
55 
56 Data collected for glass processes proved particularly  significant;  specifically,  glass edging is the 
57 process  with the highest  GHG impact.  If we normalize  the other  processes  compared  to it, glass 
58 
59 
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1 
2 
3 cutting  and HST have  values  of 63.6%  and 86.6%  respectively,  again  indicating  their  significance. 
4 Tempering, which was the only process available in the Ecoinvent database, contributes to 28.4% of 
5 
the total impact of the glass related process. Without the data collection  carried out 71.6% of the 
6 
7 glass-manufacturing   related  impacts  would  have  been  neglected.  Furthermore,   in  the  case  of 
8 laminated  glass which, in our assumption,  does not include the tempering  of the glass panes, the 
9 totality of the glass-manufacturing  related impacts would have been neglected. 
10 
11 Input energy values for manufacturing  activities used in this article refer to mid-voltage  energy 
12 
delivered  via  the  electricity  network  grid  in  Britain  available  from  EcoInvent,  which  takes  into 
13 
14 account UK energy mix figures. In terms of energy/carbon conversions, guidelines by Hill et al. (2011) 
15 have been used and two official  documents  published  by the Department  of Energy  and Climate 
16 Change (DECC 2013a, 2013b), which provide GHG conversion  factors (1 kWhGAS=0.20155  kgCO2e; 1 
17 
18 
kWhELEC=0.59368 kgCO2e). 
19 
Case description and Operational Energy Modeling 
 
21 LCA literature  provides case studies which are often based on specific buildings, thus hindering 
22 
generalization  of the conclusions  and comparability  of the results.  Therefore,  we have selected  a 
23 
24 generic  yet representative  office (figure  3) with a very slender  built form and a cellular  layout of 
25 internal spaces, which is the most common office building type in England (Shahrestani et al. 2013; 
26 Steadman  et al. 2000). The building is located in London. It consists of 9 floors of 66.6 m x 16 m, 
27 
totaling 9590 m
2  
of treated floor area (TFA). Window to wall ratio (WWR) equals to 0.25 which is a 
28 
29 typical and highly correlated value to offices of this type (Gakovic 2000). 
30 
31 Figure 3 around here 
32 
33 Yearly operational energy consumption for space heating in both single- and double-skin models 
34 has been simulated through IES VE, a building energy simulation (BES) software used by academics 
35 and practitioners  alike, and successfully  deployed in DSF studies (e.g. Kim et al. 2013; Poirazis and 
36 
37 
Kragh 2009). IES includes a natural ventilation analysis module which addresses phenomena such as 
38 single-sided   and   cross-ventilation,   and   flow   in   cavities   due   to   wind   and   buoyancy   effects. 
39 Additionally,  elements such as infiltration and thermal mass are also suitably dealt with (IES 2009). 
40 The aluminium structure obstructs  to some extent the flow in the cavity, and the software vendor 
41 
recommends correction in such cases (IES 2012). Details are given in the section S4 of the supporting 
43 information.The  building  is  naturally  ventilated,  as are  the  majority  of existing  offices  in the  UK 
44 (CIBSE 2013b), thus narrowing our focus solely onto space heating loads.
8  
Space heating is provided 
45 via natural gas burning. Full details for the validity check of the simulations  are given in the section 
46 
S3 of the supporting information. 
 
48 
49 
Space heating energy demand is then be translated into yearly loads in kWh/ m²TFA  year. Such a 
50 heating load, however, refers to heating consumption of the building as a whole and it is therefore 
51 necessary to allocate a share of it to the set FU. The step-by-step procedure developed and adopted 
52 for this study is shown in table 2. 
53 
54 Table 2 around here 
55 
56 With such an approach,  results are compared  like-for-like,  strengthening  the robustness  of the 
57 
58 results.  The façade  service  life is assumed  at 25 years in line with studies  specifically  focused  on 
59 
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1 
2 
3 building  façades  in  the  UK  (Jin  and  Overend  2013).  Additionally,  offices  undergo  more  frequent 
4 renovations  due to the change of ownership or use and the end of the leasehold (Tandy and Way 
5 
2004),  which  is not necessarily  related  to the end of life of building  elements.  Should  the actual 
6 
7 service  life  be  longer,  the  energy  savings  of  DSF  would  be  higher,  thereby  making  25  years  a 
8 conservative assumption. 
9 
10 
11 Results 
12 
13 
Operational  energy  results  show  that  wide  cavities  slightly  outperform  narrow  cavities  with 
14 
15 reference to the reduction of heating loads, except for the south orientation. These greater savings 
16 can be explained in comparison  with the air gap in double-glazing  units (DGUs), where it is shown 
17 that the wider the space between the two glass panes, the better the thermal performance  of the 
18 
DGU. Numerical  findings in kWh/ m²TFA  are shown in figure 4, which only presents 32 DSF options 19 
20 because the parameter for aluminum sourcing does not influence operational energy. Heating loads 
21 for the DSF options assessed range from 65.2 to 80.2 kWh/m²TFA  year, and are in line with both office 
22 energy benchmarks for the UK (CIBSE 2012) and previous figures about DSFs (e.g. Kolokotroni et al. 
23 
2004).  Additionally,  all  models  are  close  to  “Good  Practice”  energy  benchmarks  for  UK  offices, 
24 
25 showing the effectiveness of the refurbishment energy-wise (EEBPP 2000). 
26 
27 Figure 4 around here 
28 
29 In a life cycle perspective, results presented here are in the form of GHG emissions (figure 5), and 
30 also for the following  impact  categories  from ReCiPe: ozone depletion  (figure 6a), fossil depletion 
31 (figure  6b),  freshwater  ecotoxicity  (figure  6c),  human  toxicity  (figure  6d),  and  particulate  matter 
32 
formation (figure 6e). ReCiPe results for all the impact categories are given in table S9 as supporting 
33 
34 information. 
35 
36 Figure 5 around here 
37 
38 Numbers on the y-axis of figure 5a represent both the savings and augmented impacts in terms 
39 of  kgCO2e   due  to  the  choice  of  DSFs  over  single-skin  façades  as  a  refurbishment  strategy.  For 
40 example, the best configuration with a narrow cavity (CN-M-CO-N-Eu) is able to save up to more 
41 
42 
than 2500 of kgCO2e over the service life against its corresponding single skin counterpart, in view of 
43 augmented impacts of just over 1000 of kgCO2e. The operational GHG savings between double- and 
44 single-skin façades and the embodied GHG impacts of the DSFs are easier to read off figure 5b, 
45 where they are plotted over the two axes respectively. Furthermore, full operational energy and 
46 
47 
GHG results are given as supporting information in table s7 and s8 respectively. 
48 
49 GHG results highlight that the best performing wide cavity offers significantly higher savings than 
50 the  narrow  one,  and  operational  energy  is  what  accounts  for  the  most  (figure  5a).  Figure  5b 
51 compares the operational  savings of each option against its embodied impacts. Exact numbers are 
52 provided  in  the  supporting   material  but  the  figure  allows  for  some  interesting   observations. 
53 
54 
Operational savings of narrow cavities are less spread than those of the wide ones. Additionally, due 
55 to the different parameters  considered in this research, there is a whole area in the middle where 
56 the two solutions equate both in terms of operational savings and embodied impacts. 
57 
58 Figure 6 around here 
59 
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1 
2 
3 In the results from ReCiPe, operational savings over SSFs are no longer significant. In fact, as high 
4 as operational savings can be they have null or negligible benefits across all of the impact categories 
5 
assessed through ReCiPe. To the contrary, assemblies and stages of the DSF and their embodied 
6 
7 impacts suddenly become worthy of closer attention. 
8 
9 In this  respect,  figure  6a shows,  with  reference  to ozone  depletion,  how  significant  the  glass 
10 related processes are. For narrow cavities – which have a lower amount of metal – glass outweighs 
11 structure  related  impacts,  whereas  for the wide  counterparts  this does not hold true. Noticeable 
12 
impacts are also related to maintenance activities and glass disposal. With respect to fossil depletion 
13 
14 (figure 6b), maintenance activities and façade cleaning have even more significant impacts, although 
15 elements of the supporting structure bear the absolute majority of the loads. Freshwater ecotoxicity 
16 (figure 6c) brings the attention again to the importance of the elements of the supporting structure, 
17 
whose impacts (both to produce and dispose of them) represent  nearly the totality of this impact 
18 
19 category.  Similarly,  human  toxicity  (figure  6d)  indicates  glass  and  supporting  structure  as  the 
20 assemblies responsible for the most impacts. Although units are the same for both impact categories 
21 in figures 6c and 6d, it is worth noting the difference in scales. Human toxicity figures are up to 20 
22 
times higher than those referred to freshwater ecotoxicity. Particulate matter formation (figure 6e) 
23 
24 consistently indicates glass, components of the structure and maintenance  activities as elements of 
25 concern. Additionally, it shows well the benefits due to the recycling potential as recommended  by 
26 TC350 standards,  which can be seen as a ‘negative’ impact. Such an element  is also present in all 
27 
other graphs, although  trade-offs  are less evident. Finally, it needs be highlighted  that monolithic 
28 
29 glass  options  always  show  lower  impacts  than  their  laminated  glass  counterparts.   This  is  an 
30 important  result  which  has been  possible  thanks  to the data collected.  In fact, on the one hand 
31 laminated  glass does not necessitate  tempering  and HST but the impacts  of the polyvinyl  butyral 
32 
(PVB)  plastic  film,  the  lamination  process,  the  higher  thickness  required  to  warrant  comparable 
33 
34 physical   strength,   and  the  influence   that  the  plastic  film  has  on  the  wearing   of  tools  and 
35 consumption of ancillary materials needed to cut and edge this kind of glass, all outweigh tempering 
36 and HST savings. 
37 
38 
39 Discussion of findings 
40 
41 
42 Following common practice in current LCAs in the construction industry, and looking at the GHG 
43 results, it can be concluded that the DSF options assessed within this research perform significantly 
44 better  than  single-skins.  Additionally,  GHG  results  can  also  be  used  to assess  the  ratio  between 
45 embodied   impacts   and   operational   savings   (see   figure   5b   and   table   S9   in   the   supporting 
46 
47 information). For the options considered here, this ratio varies from 30% to 84%. The closer to 100% 
48 this  ratio,  the  higher  the  risk  that  cumulative  embodied  impacts  overcome  savings  during  the 
49 operational phase. In this article none of the options assessed can be considered as ‘at risk’.  In other 
50 words,  the operational  GHG  savings  that  the DSF  is capable  to offer  outweigh  the GHG  impacts 
51 
52 related to the DSF production, installation, transportation,  maintenance and repair, dismantling and 
53 disposal. This is a significant  finding, considering  that no such comparative  study has been carried 
54 out  before.  To  fully  understand  the  potential  practical  implications  of  this  finding,  a  numerical 
55 assessment  will be used. Offices in the UK total over 350 million m2  as of 2008 (DCLG 2012a). An 
56 
57 
available  benchmark  about fossil-thermal  energy (gas) consumption  for a UK generic office is 120 
58 kWh/m²TFA  year (CIBSE 2008). These two figures suggest UK offices in 2008 were responsible for 42 
58 
59 
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1 
2 
3 million  MWh  consumed  every  year,  which  –  taking  into  account  current  conversion  factors  – 
4 correspond  to nearly  8.5 MtCO2e/year.  A study  on the  suitability  of DSFs  to renovate  UK offices 
5 
indicated that 67% of the existing stock could theoretically adopt a DSF when refurbished (Pomponi 
6 
7 et al. 2013). The existing stock of UK offices used in this study corresponds to the year 2000, when 
8 offices in the UK totaled just over 300 million m
2  
(DCLG 2012a). If those figures are combined with 
9 the average heating load of DSFs assessed in this research (72.5 kWh/m²TFA   year), it seems that a 
10 
broad adoption of DSFs in the UK should be able to save yearly over 17 million MWh and 3.5 MtCO2e. 
11 
12 However,  these  calculations  are  merely  based  on  available  statistical  data  and  do  not  take  into 
13 account  many other determinants.  Therefore,  care should be taken before making  bold claims or 
14 generalization in any shape or form. Nonetheless, it is worth noting that the yearly savings potential 
15 
over a 25-year useful life of DSFs adds up to roughly 1/10 of the reduction needed to meet the UK 
16 
17 Climate Change Act target. Undoubtedly,  DSFs, as a form of low-carbon  refurbishment  technology, 
18 deserve more attention than they are currently receiving. 
19 
20 Regarding   the  ReCiPe  results,  the  options  with  the  highest  and  lowest  impact  categories, 
21 identified with reference  to the GWI (table S8 in the supporting  information),  are often also those 
22 
which score the most and the least in most other categories.  This, however,  does not necessarily 
23 
24 hold true when looking at options with the second/third etc. highest/lowest  impact within different 
25 categories (color scale in table S9). Additionally,  when looking at GHG (figure 5a) and other impact 
26 categories (figure 6) simultaneously, there is nonetheless little in common when they are analyzed in 
27 
detail. In fact, GWI chiefly shows the significant  role that operational  energy savings play and how 
28 
29 the embodied impacts are split amongst the various assemblies and stages of a DSF life-cycle. When 
30 looking at the other impact categories, operational savings are no longer part of the assessment, and 
31 assemblies  or  stages  that  were  barely  noticeable  in  the  GWI  (such  as  maintenance   activities, 
32 
cleaning and glass disposal) suddenly become worthy of closer attention. 
33 
34 
Regarding  LCA’s  role  as a tool to enable  better  informed  decisions,  the  findings  of this  study 
35 
36 provide some interesting insights. In fact, had the decision about which the best/worst DSF options 
37 are had been made based merely  on GHG impacts,  the logical  consequence  would  have been to 
38 focus  on the  most  significant  reduction  in the  operational  energy.  Still,  it was  shown  that  other 
39 
impact  categories  suggest  a significant  impact for other assemblies  and stages of a DSF life-cycle, 
40 
41 such as the production  of elements  of the outer skin, their maintenance  and disposal – which are 
42 also worthy of further investigation.  Therefore,  our study echoes encouragement  for a shift in the 
43 current  practice   of  LCA  within  construction   industry.  More  specifically,   the  choice  of  impact 
44 
categories needs to be revisited and customized to the specifics of each and every case, depending 
45 
46 on the context, focus and purpose of the assessment. 
47 
48 
49 Conclusions 
50 
51 DSFs represent  a viable  solution  to address  the refurbishment  of existing  buildings  – an issue 
52 
pointed out as one of the major opportunities  to cut GHG emissions in the construction sector. We 
53 
54 assessed the life-cycle environmental  impacts of DSFs in refurbishments  via two different methods: 
55 the GWI, widely used as a single-issue method, and a more comprehensive  assessment method, i.e. 
56 ReCiPe,  to provide  a more  in-depth  understanding  of non-GHG  impacts.  On  the  one  hand,  DSFs 
57 performed  very  well  when  looked  at from  a GHG  impacts  perspective  and  outperformed  up-to- 
57 
58 
59 
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1 
2 
3 standard   single-skin   refurbishments   alternatives;   we  can  therefore   recommend   their  broader 
4 application to the refurbishment of existing non-domestic buildings in contexts similar to the one we 
5 
studied, with the aim of mitigating GHG emissions. Nonetheless, when the focus switches to a more 
6 
7 comprehensive  assessment,  the  GWI  tends  to  miss  out  key  information  that  may  influence  the 
8 interpretation  of  and  conclusions  from  the  assessment.  The  neglected  impacts  do  not  generally 
9 influence  the most/least  impacting  options  across  different  impact  categories  but rather  how the 
10 
impacts are spread within each specific category. In the case of the DSFs, our results derived from 
11 
12 non-GHG impact categories indicate that more attention should be paid to the support structure of 
13 the façade and its maintenance, and to more efficient disposal solutions, rather than focusing solely 
14 at  optimizing  DSFs’  operational  performance,  which  seems  to  be  where  research  in  the  field  is 
15 
mostly headed. 
16 
17 
In the complex current scenario of LCA in the construction industry, this article introduces a novel 
18 
19 methodological approach for comparative studies that looks at building assemblies and components. 
20 Specifically,  we have  taken  into account  elements  such as the representativeness  of the building 
21 used, construction  practices  related  to DSFs, industry-informed  choices  in terms  of materials  and 
22 
solutions  adopted,  a detailed  and thorough  operational  energy  analysis,  a raw calculation  of the 
23 
24 potential environmental benefits on a large scale, and – to some extent – indoor comfort, at least in 
25 the form of summer overheating. 
26 
27 Although  collected  data  have  been  inputted  into  SimaPro  together  with  their  variance,  no 
28 uncertainty analysis, e.g. via Monte Carlo simulation, has been run and this represents a limitation of 
29 
this research.  Additionally,  DSFs can have different  structures  other than the aluminum  one here 
30 
31 considered such as stainless steel trusses or glass fins. In this respect, this study serves as a proof of 
32 concept  for  a  methodology   which  has  been  applied  to  investigate  that  specific  type  of  DSF. 
33 Narrowing down the scope of this research to one specific configuration of DSF has been inevitable 
34 
to ensure that reasonable and reliable findings could be guaranteed. This can be comprehended as a 
35 
36 limit of this study; however, the same methodology can be applied to other configurations to gauge 
37 the significance of findings. As such, this represents an interesting area for further research. 
38 
39 
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1 
2 
3 
4 
1 
In this paper embodied energy/impacts are defined as those related to all stages other than the use phase 
5 (among others, Cabeza et al. 2014; Ibn-Mohammed  et al. 2013; Moncaster and Symons 2013). Other authors 
6 (see,  e.g.,  Gustavsson  and  Joelsson  (2010))  consider  as  embodied  energy  only  the  energy  related  to  the 
7 production and construction phases. We have used the former to provide a more comprehensive  approach by 
8 incorporating  energy and impacts pertaining to decommissioning,  dismantling  and disposal stages at the end 
9 of the service life of a façade. 
10 
2 
It should be noted that there are authors persuaded that “in reality, the LCA space is more a continuous 
11 spectrum, rather than a dichotomy, between idealised CLCA and ALCA” (Suh and Yang 2014). 
12 
3 
Often considered the default ReCiPe midpoint method (Dahlstrøm et al. 2012). 
13 
4 
For instance, the replacement of old, single-glazing  and metal frame with up-to-standard,  double-glazing 
14 units (DGUs) mounted on thermal-break frames, would be exactly the same in both cases, thus representing a 
15 quantity that just numerically shifts the results without adding anything to the study. 
16 
5  More specifically,  table S2 includes data collected for glass cutting and it is followed by data analysis to 
17 best choose  data inputted  into SimaPro.  Similarly,  table  S3 refers  to HST operations  also followed  by data 
18 analysis  to determine  the best input whereas  table S5 and table S6 refer to glass edging processes.  Finally, 
19 table S7 and table S8 are related to data generated with respect to the operational phase. 
20 
6   
An  ELCP  is  constituted  of  several  activities  within  the  same  manufacturing  plant.  If  a  firm  needs  to 
21 outsource  a manufacturing  activity  for its products,  this  suddenly  becomes  another  ELCP  and  the  two  are 
22 linked by transportation (both back and forth if the product then returns to the original plant). 
23 
7  
The pedigree  matrix to assess the quality of data sources  as per Weidema  et al. (2013) is given in the 
24 supporting material available online (table S1). 
25 
8  
However,  we also wanted  to be confident  that the buildings  modeled  can provide  comfortable  indoor 
26 conditions in summer. In this respect, the TM52 method and criteria have been applied (CIBSE 2013a) which 
27 specifically  aim  at preventing  overheating  in European  office  buildings.  Only  a few rooms  in a few models 
28 resulted in being overheated. Details are given in the supporting information (table S7). 
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1 
2 
3 Table captions 
4 
5 Table 1 – Realized and Assessed Options 
6 
7 Table 2 – Step-by-step procedure to deal with operational energy figures of double- and single-skin models 
8 
Figure captions 
9 
10 
Figure 2 – Exploded view and quantity details of the DSF system 
11 
12 Figure 2 – Flowchart for the FU and its system boundaries 
13 
14 Figure 3 – Aerial view of the building model superimposed on its location in London in Google earth with visual detail of 
15 the DSF 
16 Figure 4 – Results from the operational energy simulations (Heating Loads) 
17 
18 Figure 5 – Best and worst performing options for both narrow and wide cavities in terms of GHG emissions over 100 
19 years under the assumption of a useful life of the façade of 25 years (a) and embodied impacts vs. operational savings 
20 for all 64 assessed scenarios (b) 
21 
22 
Figure 6 – Best performing options for both narrow and wide cavities related to the impact categories of a) Ozone 
Depletion, b) Fossil Depletion, c) Freshwater Ecotoxicity, d) Human Toxicity, and e) Particulate Matter Formation 
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1 
Table 1 - Realized and Assessed Options 
2 Parameter  Options considered  CODE  No.  Details 
3 
4 Cavity  
Narrow  CN 
2 
400 mm
 
5 Wide CW 1000 mm 
6 Glass 
7 Composition 
Monolithic  M 
2 
12 mm thermally toughened 
Laminated  L 8 mm + 8 mm + 1.52 mm PVB 
8 
Glass Coating  
Clear  CL 
2 
Clear Float Glass 
9 Coated  CO Solar Control Glass 
10 European (Central 
11 
12 
Aluminum 
13 
manufacture
 
14 
15 
16 
17 DSF Orientation 
18 
19 
Europe)  
Eu
 
 
International (China)  Int 
 
North  N 
South   S 
East E 
West  W 
Lorry Euro 4 - 500 km 
 
2 Transoceanic ship - 20070 km 
Train - 140 km 
Lorry Euro 4 - 120 km 
 
 
4 
20 
Total 64
 
21 North SSN 
22 + 4 Single Skin 
23 
24 
South  SSS 
4 
East SSE 
West  SSW 
25 
Total Scenarios  68 
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1 
Table 2 - Step-by-step procedure to deal with operational energy figures of double- and single-skin models 
2 Step  Task 
3 #1 Yearly energy simulations are run for all the models 
4 #2 Each DSF option is coupled with the equivalent single skin (SS) option (e.g. East oriented DSF 
5 models with East oriented SS models) 
6 #3 The difference between the two is calculated, keeping the sign, be it positive or negative 
7 #4 Considering that the two models are identical, apart from the DSF, whatever the difference it is 
8 reasonable to assume it is the sole responsibility of the DSF 
9 #5 To allocate the FU its share, it is assumed that each m
2 
of the DSF equally contributes to the 
10 final result. More specifically, the total difference is characterized in the form of [kWh/m²] by 
11 taking into account the total DSF area, and then multiplied by 5.25 m² (the area of each FU) to 
12 attribute to the functional unit its share 
13 #6 If the difference between DSF and SS is negative, DSFs are actually reducing the energy 
14 consumption of the buildings. As ours starts as a comparative study, we consider that energy 
15 reduction has a reduced environmental impact and, therefore, a negative contribution to the 
16 overall GWP. If it is positive, instead, DSFs are increasing the energy consumption and that 
17 energy contributes to increasing the overall environmental impacts of DSF. The yearly 
18 saved/augmented  impacts are then extended to the lifetime of the façade, assuming energy 
19 performance does not decay over time. 
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On 
l 
 
 
 
Reliability 
Verified data based on 
measurements 
 
 
 
Related uncertainty factor 0.000 
 
 
Verified data partly based on 
assumptions or non-verified data 
based on measurements 
 
 
0.0006 
 
 
Non-verified data 
partly based on 
Qualified estimate (e.g. 
Non-qualified estimate 
qualified estimates 
by industrial expert) 
 
 
0.002 0.008 0.04  
Representative data from 
Representative data from >50% of 
Representative data 
all sites relevant for the 
the sites relevant for the market 
from only some sites 
Completeness 
market considered, over 
considered, over an adequate 
(<<50%) relevant for 
an adequate period to 
period to even out normal 
the market considered 
even out normal 
fluctuations 
or >50% of sites but 
fluctuations from shorter periods 
Related uncertainty factor 0.000 0.0001 0.0006 
Representative data 
from only one site 
relevant for the market 
considered or some 
sites but from shorter 
periods 
0.002 
 
Representativeness unknown 
or data from a small number 
of sites and from shorter 
periods 
 
0.008 
 
 
Temporal Correlation 
 
 
Related uncertainty factor 
 
Less than 3 years of 
difference from the time 
period of the dataset 
 
0.000 
Less than 10 years of Less than 15 years of Age of data unknown or more 
Less than 6 years of difference from difference from the difference from the than 15 years of difference 
the time period of the dataset time period of the time period of the from the time period of the 
dataset dataset dataset 
0.0002 0.002 0.008 0.04 
Average data from larger area in 
Geographical Correlation 
Data from area under 
which the area under study is 
study 
included 
Related uncertainty factor 0.000 2.50E-05 
Data from area with 
similar production 
conditions 
0.0001 
Data from area with 
slightly similar 
Data from unknown or 
production conditions 
distinctly different areas
 
0.0006 0.002 
 
 
Further Technological Correlation 
 
 
Related uncertainty factor 
 
Data from enterprises, 
processes and materials 
under study 
 
0.000 
 
Data from processes and materials Data from processes  
Data on related processes on 
under study (i.e. identical and materials under Data on related 
laboratory scale or from 
technology) but from different study but from processes or materials 
different technology 
enterprises different technology 
 
0.0006 0.008 0.04 0.12 
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1 
2 
3 
4 
5 S1 - Pedigree matrix for data quality 
6 
7 Table S1 – Pedigree matrix for data quality 
8 
9 Indicator Score  1 2 3 4 5 (default) 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
1.49 
1.49 
1.49 
0.5 
0.5 
0.5 
120 
120 
120 
9 
9 
9 
180 
180 
180 
6.5 
6.5 
6.5 
17 
17 
17 
0.58 
0.58 
0.58 
3.98 
3.98 
3.98 
0.74 
0.74 
0.74 
10 
10 
10 
18.63 
18.63 
18.63 
0.15 
0.15 
0.15 
0.78 
0.78 
0.78 
0.03 
0.03 
0.03 
3 
This is a proof for the purposes of peer review only. 
 
15 
Page 29 of 46 Journal of Industrial Ecology Peer Review Proofs 
 
 
1 
2 
3 
4 
5 
6 S2 - Primary data collected 
7 
8 
9 Flat Glass Cutting 
10 
11 
For this research, primary data have been collected from flat glass manufacturing  companies  who produce glass products for the building 
12 industry. Out of all inputs, no data have been made available in terms of cutting oil consumption, and cutting heads (whose weight is a few 
13 grams and are made of plastic and metal). However, according to interviews carried out for this research, their impact should be negligible 
14 
since the refill of cutting oil and the replacement of cutting heads happen after several thousands of m2 of glass cut. 
16 
17 
Table S2 - Data collected about flat glass cutting operations
 
18 
19 
20 L [m] H [m] 
21 
 
 
Loading 
Time [s] 
 
 
Cutting 
Time [s] 
 
 
Unloading 
Time [s] 
 
Power 
installed L/U 
[kW] 
 
Power 
installed 
C [kW] 
 
 
Energy 
[kWh] 
 
 
Perimeter 
[m] 
 
 
Area 
[m
2
] 
 
Thick- 
ness 
[mm] 
 
 
Weight 
[kg] 
 
Specific 
Energy 
[kWh/m] 
 
Specific 
Energy 
[kWh/m2] 
 
Specific 
Energy 
[kWh/kg] 
22 
0.565 1.67 120 10 180 6.5 17 0.58 4.47 0.94 10 23.59 0.13 0.62 0.02
 
23 0.87 1.266 120 10 180 6.5 17 0.58 4.27 1.10 10 27.54 0.14 0.53 0.02 
24 0.555 2.09 120 11 180 6.5 17 0.59 5.29 1.15 10 29 0.11 0.51 0.02 
25 0.79 0.735 120 8 180 6.5 17 0.57 3.05 0.58 10 14.52 0.19 1.00 0.04 
26 
27 
0.585 1.788 120 10 180 6.5 17 0.58 4.746 1.04 10 26.15 0.12 0.56 0.02
 
28 1.445 1.266 120 11 180 6.5 17 0.59 5.422 1.82 10 45.73 0.11 0.32 0.01 
29 1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03 
30 
1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03 
31 
32 1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03 
33 0.99 0.5 120 8 180 6.5 17 0.57 2.98 0.49 10 12.38 0.19 1.17 0.05 
34 0.99 0.5 120 8 180 6.5 17 0.57 2.98 0.49 10 12.38 0.19 1.17 0.05 
35 
36 
0.99 0.5 120 8 180 6.5 17 0.57 2.98 0.49 10 12.38 0.19 1.17 0.05
 
37 0.99 0.5 120 8 180 6.5 17 0.57 2.98 0.49 10 12.38 0.19 1.17 0.05 
41 
42 
43 
44 
45 
46 
47 
48 
49 
4 
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1 
2 
3 
4 
5 
6 
7 L [m] H [m] 
 
 
 
 
 
 
Loading 
Time [s] 
 
 
 
 
 
 
Cutting 
Time [s] 
 
 
 
 
 
 
Unloading 
Time [s] 
 
 
 
 
 
Power 
installed L/U 
[kW] 
 
 
 
 
 
Power 
installed 
C [kW] 
 
 
 
 
 
 
Energy 
[kWh] 
 
 
 
 
 
 
Perimeter 
[m] 
 
 
 
 
 
 
Area 
[m
2
] 
 
 
 
 
 
Thick- 
ness 
[mm] 
 
 
 
 
 
 
Weight 
[kg] 
 
 
 
 
 
Specific 
Energy 
[kWh/m] 
 
 
 
 
 
Specific 
Energy 
[kWh/m2] 
 
 
 
 
 
Specific 
Energy 
[kWh/kg] 
8 1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03 
9 
10 
1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03
 
11 1.49 0.5 120 9 180 6.5 17 0.58 3.98 0.74 10 18.63 0.15 0.78 0.03 
12 0.8 0.9 120 9 180 6.5 17 0.58 3.4 0.72 10 18 0.17 0.81 0.03 
13 0.8 0.8 120 8 180 6.5 17 0.57 3.2 0.64 10 16 0.18 0.90 0.04 
14 
15 1.192 1.8 120 12 180 6.5 17 0.59 5.98 2.14 10 53.64 0.1 0.28 0.01 
16 0.63 1.762 120 10 180 6.5 17 0.58 4.78 1.11 10 27.75 0.12 0.53 0.02 
17 0.916 2.17 120 12 180 6.5 17 0.59 6.17 1.98 10 49.69 0.1 0.30 0.01 
18 
0.916 2.17 120 12 180 6.5 17 0.59 6.17 1.98 10 49.69 0.1 0.30 0.01 
19 
20 0.916 2.17 120 12 180 6.5 17 0.59 6.17 1.98 10 49.69 0.1 0.30 0.01 
21 0.916 2.17 120 12 180 6.5 17 0.59 6.17 1.98 10 49.69 0.1 0.30 0.01 
22 2.655 2.945 120 19 180 6.5 17 0.63 11.2 7.81 10 195.47 0.06 0.08 0.00 
23 
24 
2.206 2.945 120 18 180 6.5 17 0.62 10.30 6.49 10 162.42 0.06 0.10 0.00
 
25 2.206 2.945 120 18 180 6.5 17 0.62 10.30 6.49 10 162.42 0.06 0.10 0.00 
26 1.05 2.945 120 15 180 6.5 17 0.61 7.99 3.09 10 77.31 0.08 0.20 0.01 
27 1.05 2.945 120 15 180 6.5 17 0.61 7.99 3.09 10 77.31 0.08 0.20 0.01 
28 
29 
1.024 2.175 120 13 180 6.5 17 0.60 6.39 2.22 10 55.68 0.09 0.27 0.01
 
30 1.079 2.163 120 13 180 6.5 17 0.60 6.48 2.33 10 58.35 0.09 0.26 0.01 
31 2.196 1.573 120 14 180 6.5 17 0.60 7.53 3.45 10 86.36 0.08 0.18 0.01 
32 
2.196 1.573 120 14 180 6.5 17 0.60 7.53 3.45 10 86.36 0.08 0.18 0.01 
33 
34 0.528 1.248 120 9 180 6.5 17 0.58 3.55 0.65 10 16.47 0.16 0.89 0.04 
35 0.768 0.998 120 9 180 6.5 17 0.58 3.53 0.76 10 19.16 0.17 0.76 0.03 
36 0.328 1.248 120 8 180 6.5 17 0.57 3.15 0.40 10 10.23 0.18 1.41 0.06 
37 
38 
1.045 0.768 120 9 180 6.5 17 0.58 3.62 0.80 10 20.06 0.16 0.73 0.03
 
39 1.045 0.97 120 9 180 6.5 17 0.58 4.03 1.01 10 25.34 0.14 0.58 0.02 
40 0.768 0.761 120 8 180 6.5 17 0.57 3.05 0.58 10 14.61 0.19 0.99 0.04 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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1 
2 
3 
4 
5 In order to understand which one of the areas and the perimeters was the most suitable parameter of a glass pane to represent the cutting 
6 
7 activities, a regression analysis has been carried out (Figure S1). The reason for this is the peculiarity of the glass cutting machinery. In fact, 
8 cutting arms do not just move around the perimeter of the glass pane, rather, they move diagonally to execute cross-cuts. Nonetheless, the 
9 analysis in Figure S5 shows that it is still the perimeter that best correlate energy consumed for the cutting activities. 
10 
11 
12 0.65 
13 
14 0.64 
15 
16 
17 0.63 
18 
19 0.62 
20 
21 
22 
0.61
 
23 
24 0.6 
25 
26 
0.59 
27 
28 
29 0.58 
30 
31 0.57 
y = 0.0079x + 0.579 
R² = 0.9217 
y = 0.0066x + 0.5589 
R² = 0.9925 
 
 
 
 
 
 
Company 1 perimeter 
 
Company 1 area 
 
Linear (Company 1 perimeter) 
Linear (Company 1 area) 
32 0 2 4 6 8 10 12 
33 
34 
Perimeter  [m] and Area [m2] of the glass panes analyzed  during data collection
 
35 
36 
37 
Figure S1 - Regression Analysis to determine whether energy consumption related to glass cutting correlates better to glass perimeter or glass area
 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
6 
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1 
2 
3 
4 
5 Heat Soak Test (HST) 
6 
7 The Heat Soak Test is a destructive test regulated by British Standard BS EN 14179:2005. Test cycles must be certified by an independent third 
8 
party. The company we collected data from had two cycles certified: one with 10% capacity, and one with full capacity. This means that if, for 
10 instance, the kiln is 20% full, then the 100% certified cycle will be used. This creates an allocation problem between energy consumption 
11 (which refers to 100% capacity) and the actual capacity of the cycle. Collected data, details and estimates which were used to address this 
12 
13 
issue are shown below. Table S3 provides the data collected in relation to the HST process. 
14 
15 
Table S3 - Collected data about HST
 
16 
17 L [m] H [m] Perimeter [m] Area [m
2
] Thickness [mm]  Weight [kg] 
18 0.565  1.67  4.47  0.94  10 23.59 
19 0.87  1.266  4.27  1.10  10 27.54 
20 
21 
0.555  2.09  5.29  1.15  10 29
 
22 0.79  0.735  3.05  0.58  10 14.52 
23 0.585  1.788  4.74  1.04  10 26.15 
24 1.445  1.266  5.42  1.82  10 45.73 
25 
26 
1.49  0.5 3.98  0.74  10 18.63
 
27 1.49  0.5 3.98  0.74  10 18.63 
28 1.49  0.5 3.98  0.74  10 18.63 
29 
0.99  0.5 2.98  0.49  10 12.38 
30 
31 0.99  0.5 2.98  0.49  10 12.38 
32 0.99  0.5 2.98  0.49  10 12.38 
33 0.99  0.5 2.98  0.49  10 12.38 
34 
1.49  0.5 3.98  0.74  10 18.63 
35 
36 1.49  0.5 3.98  0.74  10 18.63 
37 1.49  0.5 3.98  0.74  10 18.63 
38 1.49  0.5 3.98  0.74  10 18.63 
39 
40 
1.49  0.5 3.98  0.74  10 18.63
 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
7 
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1 
2 
3 
4 
5 
L [m] H [m] Perimeter [m] Area [m
2
] Thickness [mm]  Weight [kg] 
6 
7 1.49  0.5 3.98  0.74  10 18.63 
8 0.8 0.9 3.4 0.72  10 18 
9 
0.8 0.8 3.2 0.64  10 16 
10 
11 1.192  1.8 5.98  2.14  10 53.64 
12 0.63  1.762  4.78  1.11  10 27.75 
13 0.916  2.17  6.17  1.98  10 49.69 
14 
0.916  2.17  6.17  1.98  10 49.69 
15 
16 0.916  2.17  6.17  1.98  10 49.69 
17 0.916  2.17  6.17  1.98  10 49.69 
18 2.655  2.945  11.2  7.81  10 195.47 
19 
20 
2.206  2.945  10.30  6.49  10 162.42
 
21 2.206  2.945  10.30  6.49  10 162.42 
22 1.05  2.945  7.99  3.09  10 77.31 
23 
1.05  2.945  7.99  3.09  10 77.31 
24 
25 1.024  2.175  6.39  2.22  10 55.68 
26 1.079  2.163  6.48  2.33  10 58.35 
27 2.196  1.573  7.53  3.45  10 86.36 
28 
2.196  1.573  7.53  3.45  10 86.36 
29 
30 0.528  1.248  3.55  0.65  10 16.47 
31 0.768  0.998  3.53  0.76  10 19.16 
32 0.328  1.248  3.15  0.40  10 10.23 
33 
34 
1.045  0.768  3.62  0.80  10 20.06
 
35 1.045  0.97  4.03  1.01  10 25.34 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
8 
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1 
2 
3 
4 
5 Table S4 - Occurrence Estimation 
6 
7 % of capacity kg kWh kWh/kg occurrence* 
8 
9 
certified cycle 10% 3500 1123 0.32 5%
 
10 20% 7000 1764.7 0.25 13% 
11 30% 10500 1764.7 0.17 22% 
12 40% 14000 1764.7 0.13 18% 
13 
14 
50% 17500 1764.7 0.10 15%
 
15 60% 21000 1764.7 0.08 10% 
16 70% 24500 1764.7 0.07 7% 
17 80% 28000 1764.7 0.06 5% 
18 
19 90% 31500 1764.7 0.06 3% 
20 certified cycle 100% 35000 1764.7 0.05 2% 
21 100% 
22 * Occurrence values given by the operator of the kiln and confirmed by his supervisor. The company has no record though. 
23 
24 Data in Table S4 have been graphically represented in Figure S3 to show the skewed distribution of HST-related energy consumption. 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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1 
2 
3 
4 
5 
6 25% 
7 
8 
9 20% 
10 
11 
12 
13 
15%
 
14 
15 
16 10% 
17 
18 
19 
20 
5%
 
21 
22 
23 0% 
24 
25 
26 
27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.32  0.25  0.17  0.13  0.10  0.08  0.07  0.06  0.06  0.05 
Energy consumption per glass mass unit [kWh/kg] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Occurrence of each 
cycle divided by 
capacity [10% 
incremental steps] 
28 Figure S2 - Skewed distribution of HST's cycles’ actual capacity 
29 
30 To determine an input for the LCI, the mean and the standard deviation have been calculated from the skewed distribution. 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
1.49 
0.8 
0.8 
1.192 
0.63 
0.5 
0.9 
0.8 
1.8 
1.762 
10 
10 
10 
10 
10 
3.98 
3.4 
3.2 
5.98 
4.78 
955 
816 
768 
1436 
1148 
29.6 
29.6 
29.6 
29.6 
29.6 
7.85 
6.71 
6.31 
11.81 
9.44 
0.421 
0.373 
0.394 
0.220 
0.340 
3.18 
2.72 
2.56 
4.79 
3.83 
3.18 
2.72 
2.56 
4.79 
3.83 
0.171 
0.151 
0.160 
0.089 
0.138 
0.0001 
0.0001 
0.0001 
0.0002 
0.0001 
0.298 
0.255 
0.24 
0.448 
0.358 
0.016 
0.014 
0.015 
0.008 
0.012 
10 
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27 0.99 0.5 10 2.98 715 29.6 5.88 0.475 2.38 2.38 0.192 0.0001 0.223 0.018 
28 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 3.18 0.171 0.0001 0.298 0.016 
 
30 
1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 3.18 0.171 0.0001 0.298 0.016 
31 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 3.18 0.171 0.0001 0.298 0.016 
32 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 3.18 0.171 0.0001 0.298 0.016 
 
Thickness Perimeter 
Po 
Time 
inst 
wer 
alled 
Energy 
[mm] [m] [s] 
[k W] 
[kWh] 
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1 
2 
3 
4 
5 Flat Glass Edging 
6 
7 Table S5 - Collected data about flat glass edging 
 
 
9 
10 
L [m] H [m]
 
 
kWh/kg 
Pumps 
spec. 
Water 
flow 
[m
3
] 
 
Water 
wasted [l] 
Water 
wasted 
[l/kg] 
 
Glass wasted 
[m
3
] 
 
Glass 
wasted [kg] 
 
Glass waster 
[kg/kg] 
 
11 
12 
13 
14 
15 
16 
17 
0.565 1.67 10 4.47 1073 29.6 8.82 0.374 12 m3/h 3.58 3.58 0.152 0.0001 0.335 0.014 
0.87 1.266 10 4.27 1025 29.6 8.43 0.306  3.42 3.42 0.124 0.0001 0.320 0.011 
0.555 2.09 10 5.29 1270 29.6 10.44 0.360  4.23 4.23 0.146 0.0002 0.396 0.013 
0.79 0.735 10 3.05 732 29.6 6.02 0.415  2.44 2.44 0.168 0.0001 0.228 0.015 
0.585 1.788 10 4.74 1139 29.6 9.37 0.358  3.8 3.8 0.145 0.0001 0.355 0.013 
18 1.445 1.266 10 5.42 1301 29.6 10.7 0.234  4.34 4.34 0.095 0.0002 0.406 0.008 
19 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 
20 
21 
1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18
 
22 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 
23 0.99 0.5 10 2.98 715 29.6 5.88 0.475 2.38 
24 
0.99 0.5 10 2.98 715 29.6 5.88 0.475 2.38 
25 
26 0.99 0.5 10 2.98 715 29.6 5.88 0.475 2.38 
3.18 0.171 0.0001 0.298 0.016 
3.18 0.171 0.0001 0.298 0.016 
3.18 0.171 0.0001 0.298 0.016 
2.38 0.192 0.0001 0.223 0.018 
2.38 0.192 0.0001 0.223 0.018 
2.38 0.192 0.0001 0.223 0.018 
 
 
29 
 
 
 
33 1.49 0.5 10 3.98 955 29.6 7.85 0.421 3.18 3.18 0.171 0.0001 0.298 0.016 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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1 
2 
3 
4 
5 
6 L [m] H [m] 
Thickness 
7 
[mm]
 
 
 
 
 
 
 
Perimeter 
[m] 
 
 
 
 
 
 
Time 
[s] 
 
 
 
 
 
Power 
installed 
[kW] 
 
 
 
 
 
 
Energy 
[kWh] 
 
 
 
 
 
 
kWh/kg 
Pumps 
spec. 
 
 
 
 
 
Water 
flow 
[m3] 
 
 
 
 
 
 
Water 
wasted [l] 
 
 
 
 
 
Water 
wasted 
[l/kg] 
 
 
 
 
 
 
Glass wasted 
[m
3
] 
 
 
 
 
 
 
Glass 
wasted [kg] 
 
 
 
 
 
 
Glass waster 
[kg/kg] 
8 0.916 2.17 10 6.17 1481 29.6 12.18 0.245 4.94 4.94 0.099 0.0002 0.462 0.009 
9 0.916 2.17 10 6.17 1481 29.6 12.18 0.245 4.94 4.94 0.099 0.0002 0.462 0.009 
11 0.916 2.17 10 6.17 1481 29.6 12.18 0.245 4.94 4.94 0.099 0.0002 0.462 0.009 
12 0.916 2.17 10 6.17 1481 29.6 12.18 0.245 4.94 4.94 0.099 0.0002 0.462 0.009 
13 2.655 2.945 10 11.2 2688 29.6 22.1 0.113 8.96 8.96 0.046 0.0003 0.84 0.004 
14 
2.206 2.945 10 10.30 2472 29.6 20.33 0.125 8.24 8.24 0.051 0.0003 0.772 0.004 
16 2.206 2.945 10 10.30 2472 29.6 20.33 0.125 8.24 8.24 0.051 0.0003 0.772 0.004 
17 1.05 2.945 10 7.99 1918 29.6 15.77 0.204 6.39 6.39 0.083 0.0002 0.599 0.007 
18 1.05 2.945 10 7.99 1918 29.6 15.77 0.204 6.39 6.39 0.083 0.0002 0.599 0.007 
19 
20 
1.024 2.175 10 6.39 1536 29.6 12.63 0.227 5.12 5.12 0.092 0.0002 0.479 0.008
 
21 1.079 2.163 10 6.48 1556 29.6 12.79 0.219 5.19 5.19 0.089 0.0002 0.486 0.008 
22 2.196 1.573 10 7.53 1809 29.6 14.87 0.172 6.03 6.03 0.070 0.0002 0.565 0.006 
23 2.196 1.573 10 7.53 1809 29.6 14.87 0.172 6.03 6.03 0.070 0.0002 0.565 0.006 
24 
25 
0.528 1.248 10 3.55 852 29.6 7.01 0.426 2.84 2.84 0.172 0.0001 0.266 0.016
 
26 0.768 0.998 10 3.53 848 29.6 6.97 0.364 2.83 2.83 0.148 0.0001 0.264 0.013 
27 0.328 1.248 10 3.15 756 29.6 6.22 0.608 2.52 2.52 0.246 0.0001 0.236 0.023 
28 
1.045 0.768 10 3.62 870 29.6 7.15 0.356 2.9 2.9 0.145 0.0001 0.271 0.013 
29 
30 1.045 0.97 10 4.03 967 29.6 7.95 0.314 3.22 3.22 0.127 0.0001 0.302 0.011 
31 0.768 0.761 10 3.05 734 29.6 6.04 0.413 2.45 2.45 0.168 0.0001 0.229 0.015 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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1 
2 
3 
4 
5 Out of all the energy, water and glass input figures, the final inputs for the LCI have been calculated by using mean values and standard deviations. 
6 
7 Table S6 - Energy, Water, and Glass inputs for Flat Glass Edging 
8 
9 energy Average μ 0.336 kWh/kg 
10 Std Dev σ 0.115128 
11 
12 water Average μ 0.13597467    l/kg 
13 Std Dev σ 0.04660633 
14 glass Average μ 0.0127532    kg/kg 
15 
16 
Std Dev σ 0.00437688 
17 
18 
19 Other primary data 
20 
Regarding some other primary data (i.e. façade cleaning) we do not have permission to disclose related information. However, the related inputs have been 
21 
22 inputted into SimaPro to calculate the LCIA. 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
DSF cavity opening threshold: 20 °C 
13 
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1 
2 
3 
S3 – Details of the simulated building model 
5 
6 In addition to the details provided in the manuscript, the following information allows for full replicability of the study. 
7    
8 Element  of the building 
9 fabric 
Corresponding heat transfer 
coefficient  (U-value) 
10 Roof  0.18 W/m² K 
11 Ground floor  0.22 W/m² K 
12 External Walls 0.26 W/m² K 
13 External Windows  1.60 W/m² K 
14 DSF glazing  4.62 W/m² K 
15 
16 
17 
18 
Heating profile and occupancy profile: ASHRAE 8am-6pm M-F 
19 
20 Heating set point: 19.5 °C 
21 
22 Heating system: Central Heating Radiators (Natural Gas) 
23 
24 Internal gains (Lighting and Equipment): 21.52 W/m² 
25 
26 Maximum sensible people gain: 73.26 W/person 
27 
28 Maximum latent people gain: 58.61 W/person 
29 
30 Occupancy density: 13.93 m²/person 
31 
32 Infiltration maximum flowrate: 0.167 ach 
33 
34 External windows opening threshold: 22 °C 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
Figure S3 – Elements of resistance in the specific DSF cavity under study for which corrections of the airflow simulation are needed (top) and details obtained from manufacturer used in the calculations 
(bottom) 
14 
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1 
2 S4 – Corrections for flow in cavities 
3 
4 
5 Regarding operational  energy figures for DSF models, the software vendor suggestions  for corrections  in simulations  – when flow in DSF cavities is under examination   – 
6 have been followed. These are due to two main elements (Figure 3) and have been taken into account in DSF simulations for this research as follows: 
7 
8 1.    roughness of inner walls (kf) 
9 
10 2.    obstructions in the cavity (kobs) 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
. 
29 
30 
31 
32 
33 
34 
-150.52 
-74.43 
-115.71 
-170.35 
-177.45 
-423.77 
-209.55 
-325.77 
-479.57 
-499.59 
CW-L-CL-N 
CW-L-CL-S 
CW-L-CL-E 
CW-L-CL-W 
CW-L-CO-N 
692.20 
768.29 
705.67 
651.04 
665.27 
72.177 
80.110 
73.581 
67.885 
69.368 
All rooms passed 
3 rooms failed 
All rooms passed 
All rooms passed 
All rooms passed 
- 
4
th
, 5
th
, and 6
th
 
- 
- 
- 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
15 
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CW-M-CO-S  709.59 
    
 
 
 
6th -133.14  -374.82 
   
   
73.989  1 room failed 
CW-M-CO-E 672.51 70.123  All rooms passed - -148.88 -419.15 
CW-M-CO-W 625.32 65.203  All rooms passed - -196.06 -551.98 
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1 
2 S5 - Operational  energy results 
3 
4 
5 
Table S7 - Operational Energy Results
 
6 
 
 
 
 
 
 
 
Specific Heating 
7 
Code  
Total Heating  
Load [kWh/m² TM52 Assessment 
8 Energy [MWh]  TFA 
year] 
9    
10 CN-M-CL-N  696.05  72.578  All rooms passed 
11 CN-M-CL-S  734.72  76.610  4 rooms failed 
12 CN-M-CL-E  730.71  76.192  All rooms passed 
13 CN-M-CL-W  701.95  73.193  All rooms passed 
14 CN-M-CO-N  682.11  71.124  All rooms passed 
15 CN-M-CO-S  697.01  72.677  3 rooms failed 
16 CN-M-CO-E  712.53  74.296  All rooms passed 
17 CN-M-CO-W  682.04  71.117  All rooms passed 
18 
CN-L-CL-N  695.66  72.537  All rooms passed 
19 
CN-L-CL-S  736.72  76.818  4 rooms failed 20 
21 CN-L-CL-E  732.05  76.331  All rooms passed 
22 CN-L-CL-W  701.83  73.181  All rooms passed 
23 CN-L-CO-N  680.98  71.006  All rooms passed 
Floors of the 
overheated rooms 
 
- 
Yearly net difference  with the SS 
corresponding option [MWh] 
 
-146.67 
Yearly net difference 
[kWh/FU] (FU=5.25 m
2       
) DSF 
 
-412.93 
3
rd
, 4
th
, 5
th
, and 7
th
 -108.00 -304.07 
- -90.67 -255.27 
- -119.44 -336.26 
- -160.61 -452.18 
3
rd
, 4
th
, and 5
th
 -145.72 -410.24 
- -108.86 -306.47 
- -139.34 -392.29 
- -147.06 -414.02 
3
rd
, 4
th
, 5
th
, and 7
th
 -106.01 -298.44 
- -89.34 -251.51 
- -119.55 -336.58 
- -140.41 -395.30 
24 CN-L-CO-S 699.04 72.890 3 rooms failed 3
rd
, 4
th
, and 5
th
 -122.34 -344.44 
25 CN-L-CO-E 712.83 74.328 All rooms passed - -108.56 -305.62 
26 CN-L-CO-W 681.23 71.032 All rooms passed - -140.16 -394.58 
27 CW-M-CL-N 691.14 72.065 All rooms passed - -151.59 -426.77 
28 CW-M-CL-S 769.30 80.215 3 rooms failed 4th, 5th, and 6th -73.43 -206.72 
29 CW-M-CL-E 707.50 73.772 All rooms passed - -113.88 -320.62 
30 CW-M-CL-W 652.89 68.077 All rooms passed - -168.50 -474.37 
31 
32 
CW-M-CO-N 665.09 69.349 All rooms passed - -177.63 -500.10 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
16 
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Code  
Total Heating  
Load [kWh/m² TM52 Assessment 
Energy [MWh]  TFA 
year] 
 
CW-L-CO-S  711.27  74.165  All rooms passed 
Floors of the  Yearly net difference  with the SS 
overheated rooms  corresponding option [MWh] 
 
- -131.45 
Yearly net difference 
[kWh/FU] (FU=5.25 m
2       
) DSF 
 
-370.08 
CW-L-CO-E 
CW-L-CO-W 
671.61 
625.89 
70.030 
65.262 
All rooms passed 
All rooms passed 
- -149.77 
- -195.49 
-421.66 
-550.38 
SSN-SSS 842.72 87.872 All rooms passed - - - 
SSE-SSW 821.39 85.647 All rooms passed - - - 
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 TFA [m
2
] 9590.4 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
 
 
Specific Heating 
 
 
 
 
 
 
 
 
 
 
 
 
Average: 72.54 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
CN-M-CL-W-Int 
CN-M-CO-E-Eu 
CN-M-CO-E-Int 
CN-M-CO-N-Eu 
-2080.70 
-1896.36 
-1896.36 
-2797.98 
945.41 
947.52 
959.57 
947.52 
-1135.28 
-948.85 
-936.80 
-1850.47 
45% 
50% 
51% 
34% "best" 
17 
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1 
2 
3 
S6 - Operational  and embodied GWP figures 
5 
6 Table S8 - Operational and Embodied GWP figures 
7 
8 Options  
Operational GWP  Embodied  GWP  Net Difference  Ratio Embodied/Operational. GWP 
9 CN-L-CL-E-Eu  -1556.28  995.12  -561.17  64% 
10 CN-L-CL-E-Int  -1556.28  1007.17  -549.12  65% "worst" 
11 CN-L-CL-N-Eu  -2561.86  995.12  -1566.74  39% 
12 
CN-L-CL-N-Int  -2561.86  1007.17  -1554.69  39% 
13 
14 CN-L-CL-S-Eu  -1846.68  995.12  -851.56  54% 
15 CN-L-CL-S-Int  -1846.68  1007.17  -839.51  55% 
16 CN-L-CL-W-Eu  -2082.68  995.12  -1087.56  48% 
17 CN-L-CL-W-Int  -2082.68  1007.17  -1075.51  48% 
18 
CN-L-CO-E-Eu  -1891.10  1005.10  -886.01  53% 
20 CN-L-CO-E-Int  -1891.10  1017.15  -873.96  54% 
21 CN-L-CO-N-Eu  -2446.02  1005.10  -1440.92  41% 
22 CN-L-CO-N-Int  -2446.02  1017.15  -1428.87  42% 
23 CN-L-CO-S-Eu  -2131.31  1005.10  -1126.22  47% 
24 
25 
CN-L-CO-S-Int  -2131.31  1017.15  -1114.17  48% 
26 CN-L-CO-W-Eu  -2441.57  1005.10  -1436.47  41% 
27 CN-L-CO-W-Int  -2441.57  1017.15  -1424.42  42% 
28 CN-M-CL-E-Eu  -1579.55  933.36  -646.19  59% 
29 
CN-M-CL-E-Int  -1579.55  945.41  -634.14  60% 
30 
31 CN-M-CL-N-Eu  -2555.11  933.36  -1621.75  37% 
32 CN-M-CL-N-Int  -2555.11  945.41  -1609.70  37% 
33 CN-M-CL-S-Eu  -1881.51  933.36  -948.15  50% 
34 CN-M-CL-S-Int  -1881.51  945.41  -936.10  50% 
35 
CN-M-CL-W-Eu  -2080.70  933.36  -1147.33  45% 
42 
43 
44 
45 
46 
47 
48 
49 
18 
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CN-M-CO-N-Int 
CN-M-CO-S-Eu 
CN-M-CO-S-Int 
CN-M-CO-W-Eu 
CN-M-CO-W-Int 
-2797.98  959.57  -1838.42  34% 
-2538.47  947.52  -1590.95  37% 
-2538.47  959.57  -1578.90  38% 
-2427.40  947.52  -1479.88  39% 
-2427.40  959.57  -1467.83  40% 
CW-L-CL-E-Eu 
CW-L-CL-E-Int 
CW-L-CL-N-Eu 
CW-L-CL-N-Int 
CW-L-CL-S-Eu 
CW-L-CL-S-Int 
CW-L-CL-W-Eu 
CW-L-CL-W-Int 
CW-L-CO-E-Eu 
CW-L-CO-E-Int 
CW-L-CO-N-Eu 
CW-L-CO-N-Int 
CW-L-CO-S-Eu 
CW-L-CO-S-Int 
CW-L-CO-W-Eu 
CW-L-CO-W-Int 
CW-M-CL-E-Eu 
CW-M-CL-E-Int 
CW-M-CL-N-Eu 
CW-M-CL-N-Int 
CW-M-CL-S-Eu 
CW-M-CL-S-Int 
CW-M-CL-W-Eu 
CW-M-CL-W-Int 
CW-M-CO-E-Eu 
CW-M-CO-E-Int 
-2015.79  1072.47  -943.32  53% 
-2015.79  1089.02  -926.77  54% 
-2622.19  1072.47  -1549.72  41% 
-2622.19  1089.02  -1533.17  42% 
-1296.65  1072.47  -224.18  83% 
-1296.65  1089.02  -207.63  84% 
-2967.47  1072.47  -1895.00  36% 
-2967.47  1089.02  -1878.45  37% 
-2609.13  1082.44  -1526.69  41% 
-2609.13  1099.00  -1510.13  42% 
-3091.35  1082.44  -2008.90  35% 
-3091.35  1099.00  -1992.35  36% 
-2289.97  1082.44  -1207.52  47% 
-2289.97  1099.00  -1190.97  48% 
-3405.62  1082.44  -2323.18  32% 
-3405.62  1099.00  -2306.62  32% 
-1983.92  1010.71  -973.21  51% 
-1983.92  1027.26  -956.66  52% 
-2640.75  1010.71  -1630.04  38% 
-2640.75  1027.26  -1613.49  39% 
-1279.13  1010.71  -268.43  79% 
-1279.13  1027.26  -251.87  80% 
-2935.29  1010.71  -1924.58  34% 
-2935.29  1027.26  -1908.03  35% 
-2593.60  1024.86  -1568.74  40% 
-2593.60  1041.42  -1552.19  40% 
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1 
2 
Options  Operational GWP  Embodied  GWP  Net Difference  Ratio Embodied/Operational. GWP 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
"worst" 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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Options Operational GWP Embodied  GWP Net Difference Ratio Embodied/Operational. GWP  
CW-M-CO-N-Eu -3094.50 1024.86 -2069.64 33% 
CW-M-CO-N-Int -3094.50 1041.42 -2053.09 34% 
CW-M-CO-S-Eu -2319.30 1024.86 -1294.44 44% 
CW-M-CO-S-Int -2319.30 1041.42 -1277.88 45% 
CW-M-CO-W-Eu -3415.52 1024.86 -2390.66 30% "best" 
CW-M-CO-W-Int -3415.52 1041.42 -2374.11 30%  
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1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
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F o r 
R v 
i e w 
 
Options 
 
IMPACT CATEGORIES 
I.C. Legend Unit 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
Cl i mate cha nge Ozone 
depl eti on Terres tri a l a ci 
di fi ca ti on 
Fres hwater eutrophi ca ti on 
Mari ne eutrophi cati on 
Human toxi ci ty 
Photochemi ca l oxi dant forma ti on 
Parti cul a te ma tter forma ti on 
Terres tri a l ecotoxi ci ty Fres 
hwater ecotoxi ci ty Mari ne 
ecotoxi ci ty 
Ioni s i ng radi a ti on Agri cul 
tural l a nd occupa ti on Urba n l 
and occupa ti on Natura l l and 
trans forma ti on Water depl eti 
on 
Metal depl eti on 
Fos s i l depl eti on 
kg CO2 eq 
mg CFC-11 eq 
kg SO2 eq 
g P eq 
kg N eq 
kg 1,4-DB eq 
kg NMVOC 
kg PM1 0 eq 
kg 1,4-DB eq 
kg 1,4-DB eq 
kg 1,4-DB eq 
kBq U2 35 eq 
m2a 
m
2
a 
m
2 
m3 
kg Fe eq 
kg oi l eq 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 
CN-M-CL-Eu 
CN-M-CL-Int 
CN-M-CO-Eu 
CN-M-CO-Int 
CN-L-CL-Eu 
CN-L-CL-I nt 
CN-L-CO-Eu 
CN-L-CO-Int 
933.4 68.1 6.2    259.1 0.26    367.1 5.4 2.52 0.07 17.4 16.2 88.4 11.6 3.6 1.6E-02 4598.2   110.8    174.9 
945.4 68.8 6.4 266.7 0.27 367.4 5.7 2.61 0.07 17.4 16.3 89.2 11.6 3.6 1.6E-02 4600.2 110.8 179.4 
947.5 69.3 6.2 263.5 0.26 372.4 5.5 2.55 0.07 17.4 16.3 94.9 11.9 3.6 1.6E-02 4675.2 110.8    174.9 
959.6 70.0 6.5 271.1 0.27 372.7 5.7 2.64 0.07 17.4 16.3 95.7 11.9 3.6 1.6E-02 4677.2 110.8 179.4 
995.1 69.4 6.3 269.7 0.27 387.6 5.6 2.58 0.08 17.8 16.6 101.2 15.3 3.8 1.5E-02 4703.1 110.9 177.2 
1007.2 70.1 6.6 277.3 0.28 387.9 5.9 2.67 0.08 17.8 16.7 102.0 15.3 3.8 1.5E-02 4705.1 110.9    181.7 
1005.1 70.5 6.4 272.9 0.27 382.7 5.7 2.61 0.07 17.7 16.6 107.6 15.2 3.7 8.3E-03 4785.8 110.9 176.2 
1017.1 71.2 6.7    280.5 0.28 383.0 5.9 2.70 0.07 17.7 16.6 108.4 15.2 3.7 8.3E-03 4787.8 110.9 180.7 
CW-M-CL-Eu 
CW-M-CL-Int 
CW-M-CO-Eu 
CW-M-CO-I nt 
CW-L-CL-Eu 
CW-L-CL-Int 
CW-L-CO-Eu 
CW-L-CO-Int 
1010.7 85.0 6.5    294.3 0.29    435.1 5.7 2.71 0.08 24.1 22.2 93.2 13.0 3.9 1.8E-02 5167.2   163.9    188.3 
1027.3 86.0 6.9 304.5 0.30 435.5 6.0 2.82 0.08 24.1 22.3 94.3 13.0 3.9 1.8E-02 5169.9 163.9 194.3 
1024.9 86.2 6.6 298.7 0.30 440.4 5.7 2.74 0.08 24.1 22.3 99.8 13.3 3.9 1.8E-02 5244.2 163.9    188.3 
1041.4 87.1 7.0 308.9 0.31 440.8 6.0 2.85 0.08 24.1 22.3 100.9 13.3 3.9 1.8E-02 5246.9 163.9 194.4 
1072.5 86.3 6.7 304.8 0.30 455.6 5.9 2.76 0.09 24.5 22.6 106.0 16.8 4.1 1.7E-02 5272.1 164.0 190.6 
1089.0 87.3 7.1 315.1 0.32 456.0 6.1 2.88 0.09 24.5 22.7 107.1 16.8 4.1 1.7E-02 5274.8 164.0    196.6 
1082.4 87.4 6.8 308.0 0.31 450.7 5.9 2.80 0.08 24.4 22.6 112.5 16.7 4.1 9.8E-03 5354.8 164.0 189.6 
1099.0 88.4 7.2    318.3 0.32 451.1 6.2 2.91 0.08 24.5 22.6 113.6 16.7 4.1 9.8E-03 5357.5 164.0 195.6 
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